The arrangement of collagen fibers has previously been studied with piaosirius red (PSR) staining and brightfield miaoscopy. We discovered that PSR staining can also be visualized by fluorescence microscopy. PSR-stained collagen was strongly fluorescent using excitation and barrier filters for rhodamine, and distracting background cytoplasmic fluotescence was drastically reduced with phosphomolybdic acid (PMA) treatment before PSR staining. The PMA-PSR fluorescence method was more sensitive than the brightfield PSR or PMA-PSR method, and permitted confocal m i a m p i c study. We applied the method to the study of collagen fiber three-dimensional arrangement in perimysial and endomysial septa of the heart, showing the three-dimensional course of the fibers in stereo views generated by confocal microscopy. The PMA-PSR fluorescence method should be generally usefbl for accurately determining collagen fiber threedimensional arrangement, a necessary prelude to mechanical modeling of collagen-reinforced tissues. (JHistocbem Cytochem 41: 46549, 1993) 
Introduction
Considerable effort has been directed towards describing the threedimensional arrangement of collagen fibers in the heart, in large part because the mechanical properties of collagen-reinforced structures depend on the arrangement of collagen fibers within them (12J3). Special attention has been given to endomysial septa, i.e., collagenous sheaths surrounding individual myocytes, and to perimysial septa, i.e., collagenous sheaths partially or completely surrounding groups of myocytes. At the level of the endomysium, Robinson et al. (9) suggested that the arrangement of endomysial septal collagen fibers in crossed helices surrounding individual myocytes prevents excessive myocyte stretch or shortening and stores elastic strain energy during the cardiac cycle. A mechanical model of cardiac muscle showed that crossed-helical endomysial septal fibers would store elastic strain energy under physiological conditions; the nature of the contribution of the septal fibers to the elastic properties depends on the currently unknown fiber angle (i.e., the angle between the septal fiber and the myocyte long axis) (7) . At the level of the perimysium, Borg et al. (1) found that the difference in ventricular stiffness between rats and hamsters could be Supported by NIH grants HG11307, HG18468, and RR-04675. and by the North Carolina Biotechnology Center (contract 8910-IDG-1012).
explained on the basis of the amount and distribution of collagen in the perimysial septa.
For both perimysial and endomysial septa, the dependence of mechanical properties on the septal fiber angles demands measurement of those angles. For such work, three-dimensional visualization of the septal and other collagen fibers and their interaction is critical. We recently discovered that the picrosirius red (PSR) technique (6,11), which stains collagen red and cytoplasm yellow by brightfield microscopy, produces strong fluorescence of PSRstained collagen when the same excitation and barrier filters are used as for examination of rhodamine. In this report, the brightfield and fluorescence appearances of PSR-and PMA-PSR-stained canine myocardial septal fibers are described, together with the application of confocal fluorescence microscopy for three-dimensional visualization of the septal fibers.
Materials and Methods
Dog hearts were excised rapidly after pentobarbital sodium anesthesia (30 mg/kg, IV); the experimental protocols were apprmd by the Duke University Institutional Animal Care and Use Committee. One heart was perfused with Bouin's fmative; three others were simply immersed in Bouin's fixative. In addition, one other dog heart and six human hearts obtained at autopsy were immersion-fixed in neutral-buffered formalin. After 24 hr for dog hearts and several weeks for the human hearts, preparations were dehydrated, cleared, embedded in paraffin, and sectioned at 7 wm. Some sections were stained by the PSR technique (6.11). Briefly, sections were deparaffinized in xylenes, hydrated through a descending ethanol series, washed for 10 min in running water, rinsed in distilled water,
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and stained for 90 min in a 0.1% solution ofsirius red F3BA (C.I. No. 35780;  F'faltz and Bauer, Stamford, CT) in saturated aqueous picric acid, pH 2. Sections were then washed for 2 min in 0.01 N HCI, rinsed in 70% ethanol, dehydrated, cleared, and mounted in Permount (Fisher; Fairlawn, NJ). Because the intense yellow cytoplasmic staining can sometimes obscure thin collagenous structures under brightfield conditions, a modified staining procedure was also carried out in which the PSR-staining step was preceded by 1-min treatment in 0.2% aqueous phosphomolybdic acid (PMA), which renders the cytoplasm colorless (3). Such PMA treatment turned out to be critical for fluorescence microscopy. Since PMA treatment induces an increase in myoplasmic refractive index (to about 1.6), sections were examined while temporarily mounted in a 9:l mixture of trans-cinnamaldehyde (nD 1.6195) and diethylene glycol monobutyl ether (no 1.432) (2). Sections mounted in Permount or in Depex (Rowley Biochemical; Rowley, MA) were also examined.
All brightfield photomicrographs were taken on an Olympus BH-2 microscope using both didymium  Opelco, Herndon, VA) and green (58 Green; Tiffen, Hauppauge, NY) filters. For conventional fluorescence microscopy, photomicrographs were taken on the same microscope using a BP545 exciter filter, a DM570 dichroic mirror, and an 0590 barrier filter. For confocal microscopy, all sections were examined on a Zeiss Axiophot microscope which was part of a Bio-Rad MRC-600 laser confocal scanning microscope sysrem with an argon ion laser emitting at 514 nm. The "GHS" filter block used for confocal microscopy contained a 514DF10 bandpass filter, a DR540LP dichroic reflector, and an OG55OLP emission filter. Confocal microscopy was done with a planapochromat x63 1.4 NA oil-immersion objective with the confocal zoom set between 1.5 and 2. The confocal aperture was set to 2 mm. Images were obtained using the lowest scan speed and Kalman averaging (with three scans) for noise reduction. Images were collected at serial O.5-bm steps through the section and were used to make stereo pairs of the entire section thickness.
Results
Endomysial and perimysial septa in Bouin's-fixed canine Bachmann's bundle (inter-atrial band) stained with PSR or PMA-PSR could be visualized not only with brightfield microscopy but also with fluorescence microscopy. In (Figure lA) , individual myocyte profiles were delimited by thin PSR-stained endomysial septa, and groups of myocytes were surrounded by thicker perimysial septa. Many blood vessels, mostly capillaries, were also outlined by PSR or PMA-PSR staining; these were most conspicuous in the perfused heart. With PSR fluorescence microscopy ( Figure 1B) , the PSR-stained septa were strongly fluorescent but the cytoplasm was also moderately fluorescent. Without PSR staining, septal fluorescence was minimal. The appearance with PMA-PSR brightfield microscopy ( Figure IC ) was similar to that with PSR brightfield microscopy ( Figure 1A) . However, the PMA-PSR fluorescence microscopic appearance ( Figure  ID) was much improved over that with PSR fluorescence microscopy, owing to the very marked diminution of cytoplasmic fluorescence. Results with tissue fixed in neutral-buffered formalin were similar. For PMA-PSR fluorescence microscopy, both the temporary mounting medium and Permount produced good results; with Dep a mounting medium, collagen fibers were less sharply defined.
Endomysial septa in ventricular muscle are less distinct than in Bachmann's bundle because the septal fibers are thinner and sparser (4). In Figure 1H , fluorescence). The results were qualitatively similar to those for Bachmann's bundle. Endomysial septa were usually difficult to discern except in the case of PMA-PSR fluorescence ( Figure   1H ). Even with this method, exposure time had to be adjusted to bring the endomysial septa out in ventricular muscle, with the result that the background fluorescence of the cytoplasm in Figure  1H is greater than that of Figure 1D from Bachmann's bundle.
In longitudinal sections, septal fibers were easily detected in Bachmann's bundle. Figures 1I-1J show a PMA-PSR-stained longitudinal section from Bachmann's bundle by brightfield ( Figure   11 ) and fluorescence (Figure 1J) microscopy. Both endomysial and perimysial septal fibers were visible, as well as autofluorescent cytoplasmic granules. Many endomysial septal fibers had fiber angles of approximately 90", thus apparently representing circumferential fibers; many others had fiber angles of about +45-60" (i.e., tilted 45-60" to either side of the myocyte long axis). Endomysial septal fibers were very difficult to detect in longitudinal sections of ventricular muscle by conventional microscopy, even with PMA-PSR fluorescence (not shown). Large perimysial septal fibers were dense and were formed of fibrils, often kinked, running parallel to the septal fiber long axis, and could therefore be distinguished from capillaries which were narrow, hollow, and fiber wrapped.
Because of projection and superposition, it was not possible to be sure how the fibers were arranged with respect to the myocytes; for that job, confocal fluorescence microscopy was required. Figure  2 shows four stereo pairs made from confocal optical section projections of longitudinally sectioned PMA-PSR-stained canine myocardium; the myocyte long axis runs from left to right in Figures  2A-2C and from top to bottom in Figure 2D . In Figure 2A , from Bachmann's bundle, the septal fibers surrounding two myocytes are shown. Many of the septal fibers surrounding the myocyte marked by the small arrow were wrapped around the myocyte in a crossed-helical manner with fiber angles of +_40-70", fewer being circumferential. On the other hand, many septal fibers surrounding the myocyte marked by the large arrow were circumferential, and were separated from one another by about 2 vm (Le., sarcomere length). In Figure 2B , also from Bachmann's bundle, almost all of the septal fibers surrounding the myocyte were circumferential and were apparently attached to a thick collagen fiber running parallel to the myocyte long axis near the bottom of the picture.
Although the fine septal fibers surrounding ventricular myocytes were very difficult to discern by conventional fluorescence microscopy in longitudinal sections, many could be visualized by confocal fluorescence microscopy after increasing the gain of the confocal system. As shown in Figure 2C , many of these fibers appeared to be perpendicular to the myocyte long axis and thus locally circumferential, and were again separated from one another by about 2 pm. At the site marked by the arrow, some fibers do appear to be crossed when only a single projection is looked at. However, the stereo view shows that the apparently circumferential fibers lie in one plane, whereas the angled fibers rise out of that plane; that is, they were not within the same septum.
Confocal fluorescence microscopy was also excellent for show- ing the course of perimysial septal fibers in both atria and ventricles. The stereo pair in Figure 2D shows that large collagenous fibers of perimysial septa commonly ran in three directions: parallel to the myocytes and at roughly 545" to the myocyte axis.
Discussion
The examination of PMA-PSR-stained sections by fluorescence microscopy offered at least two advantages over examination by bright-_. . field microscopy. First, fluorescence microscopy was slightly more sensitive than brightfield microscopy for revealing fine collagen fibers. Second, the strong fluorescence of PSR-stained structures permitted examination by confocal microscopy. In addition, it was not necessary to use the temporary mounting medium because the fluorescence microscopic appearance was similar with Permount. The PMA-PSR fluorescence method may not permit visualization of collagen fibers at quite as fine a level as does silver "reticulin" staining or immunohistochemical staining with Type I11 colla-gen (results not shown), but it has advantages over both of these techniques. PMA-PSR fluorescence is very easy, reproducible, and inexpensive, permits confocal fluorescence microscopy, and allows demonstration of dense collagen fibers which may be poorly stained with silver. In addition, stained sections can be stored indefinitely without loss of staining. Therefore, the PMA-PSR fluorescence technique should be excellent for studying the three-dimensional organization of all but the finest collagen fibers.
Stereo pairs generated by confocal fluorescence microscopy of PMA-PSR-stained muscle from both atrium (Bachmann's bundle) and ventricle revealed that a surprisingly large number of endomysial septal fibers had fiber angles of approximately 90'. If such fibers completely surrounded the myocytes, they would be properly described as circumferential fibers. Although such fibers may be equivalent to circumferential "cuff fibers" demonstrated at some Z-lines by scanning electron microscopy (8), with which their sarcomere-length periodicity agrees, their prevalence was unexpected from the literature. The observation that fibers sometimes inserted on axial collagen fibers ( Figure 2B ) suggests that they may be only locally circumferential, as they might then only partially surround the myocyte. The mechanical role of circumferential fibers would depend on their interrelationship with the myocytes and with other network fibers. If they were wrapped completely around the myocytes and not connected to other collagen fibers, their primary role might be to limit myocyte shortening by limiting the attending myocyte thickening. The fibers would be ideally organized to counteract "hoop" stress, which for a cylinder is twice the stress exerted on its length (12). However, because the fibers may be only locally circumferential and connect to other collagen fibers, their role is probably not so simple. Many endomysial fibers had fiber angles of +40-709 This range includes the fiber angle, 54.7", at which the septal fibers have no effect on the elastic modulus of the combined resting myocyte and endomysial sheath (7). It may also be pertinent that with fiber angles of 245" there is maximal resistance to torsion (14). That perimysial septal fibers were also often found to be at about 245" to the angle of the underlying myocytes may indicate that similar forces determine the design of the endomysial and perimysial septa. However, the relationship of the perimysial septa to the myocytes is probably more complicated than that between endomysial septa and myocytes. Endomysia1 septa tend to surround the quasi-cylindrical myocytes, whereas perimysial septa in the ventricle separate myocyte lamellae rather than surrounding quasi-cylindrical structures, and have a complicated course through the ventricular wall [showing the "pinnation" pattern described by Hort ( 5 ) and Streeter (lo)].
It is likely that only mechanical modeling based on a complete morphological description will provide answers regarding the significance of each type of septal fiber arrangement. More thorough study of the arrangement of the endomysial and perimysial septa and of the fibers within them is needed before detailed modeling can begin; the PMA-PSR fluorescence method is well suited to such study.
